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Abstract 
The detection of changes in the properties of the walls in blood vessels (e.g. modifications in thickness or elasticity) is a 
promising way for the early diagnosis of cardiovascular diseases (e.g. atherosclerosis), and some attempts have been made using 
classic ultrasonic images. However, to obtain a reliable non invasive estimation of these changes still presents many challenges 
that must be overcome, in particular, to achieve an accurate estimation of the vessel wall thickness, which usually is associated to 
strain and elasticity alterations happening before the cardiovascular disease presents clinical symptom; to solve efficiently these 
aspects is a very difficult task. In this work, the application to vessels of a recent ultrasonic method developed by the authors for 
estimating wall thicknesses is described. This method (based on high-resolution power spectral density - PSD) and its algorithmic 
responses were tested on an arterial phantom under physiological conditions of flow and pressure, and some results are compared 
to those obtained using a direct-time thickness estimation and with the resolutions related to our alternative cross-correlation 
option shown in previous papers. A higher spatial resolution is obtained, for experimental multi-pulse ultrasonic echoes, with this 
PSD method in comparison to those based on conventional echography, cross correlation operators or other spectral options. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Ultrasonic Industry Association. 
Keywords: Non-Invasive Measurements; Mechanical alterations; Vessel walls; Change of thickness; Vessel phantom 
 
 
* Corresponding author: A. Ramos 
E-mail address: aramos@ia.cetef.csic.es 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Ultrasonic Industry Association
148   J. Brum et al. /  Physics Procedia  63 ( 2015 )  147 – 151 
 
1. Introduction 
In medical applications of ultrasound, to accurately measure alterations in the vessel walls is currently a 
promising research field, because it could provide a tool for the early diagnosis of important cardiovascular diseases, 
such as hypertension or atherosclerosis. The presence of such diseases is usually associated with significant 
alterations of the physical properties of the vessels. To detect changes in the arterial structures and their elastic 
properties, which occurs in the early stages of these diseases, could allow an early treatment which prevents the 
progression and development of the disease.  
It is well-known that the major markers that indicate the existence of atherosclerotic disease include: arterial wall 
thickening (related to intimae-media thickness), arterial calcification, arterial stiffness and endothelial dysfunction. 
The evaluation of the arterial biomechanical behavior is mainly related to the assessment of three representative 
indices: compliance, distensibility and stiffness. In fact, the wall stiffness level is the most determinant mechanical 
property of the arteries. Concerning this, appropriate ultrasonic tools are required to analyze the temporal dynamics 
of the ultrasonic echo-signals involved, in order to dynamically characterize wall thickening which is an indirect 
indicator of the arterial wall stiffness. Nowadays, a non-invasive estimation of these parameters presents challenges 
that must be overcome. 
The use of echo-information obtained from standard ultrasonic imaging units provides a low spatial resolution to 
perform a thickness evaluation with clinical significance. Usually, to resolve few microns is required.  
To locally perform the analysis of broadband high-frequency ultrasonic pulses in critical artery points may be a 
possible solution; speckle interferometry with time cross-correlation has been used to measure displacements of 
walls interfaces in artery cross-sections, providing an estimation of the vessel wall thickness under dynamic pressure 
and flow conditions. 
In this paper, results of applying pulsed ultrasonic procedures developed by the authors for thickness estimation 
are resumed for sub-millimeter layers in phantoms. A new improved ultrasonic spectral method is applied to 
experimental echoes acquired in a latex phantom. This method is based on the high-resolution calculation of power 
spectral densities (PSD) related to the two main echoes coming from a wall zone. The technique integrates a single 
piezoelectric transceiver with a parametric spectral method to process overtones of the received layers echoes. Two 
parametric algorithms for estimating the power spectral density can be applied to experimentally acquired signals. 
The method response and its capability to provide higher spatial resolutions than those obtained with standard 
thickness evaluation procedures are discussed. 
2. Background 
A non-invasive estimation of small distances inside the tissues is difficult to accomplish using the current 
technological “state of the art”. Using echography units for this purpose (i.e. from the information contained in the 
typical ultrasonic images) has important limitations because the related spatial resolutions normally are worse than 
500 microns. Moreover, more than a hundred ultrasonic channels are typically involved in these units. Several 
studies based on processing the ultrasonic images using segmentation algorithms have shown to provide an 
improved spatial resolution but worse than 250 μm (Zhang et al., 2009). These resolution levels are still not enough 
to allow the measurement of the arterial wall thickness with good precision for the arterial wall diagnosis. 
In addition to the above mentioned classical imaging techniques, other specific ultrasonic tools adapted to the 
estimation of the wall thickness in blood vessels were developed (Pignoli et al., 1986; Wendelhag et al., 1992; 
Koskinen et al., 2009). These techniques increase the precision in the analysis of the echo signals coming from the 
arterial wall. Possible alternative high resolution techniques developed for other medical applications (e.g. detection 
of changes of thermal origin) are based in applying a direct processing of multi-pulse echoes (Bazán et al., 2009; 
Bazán et al., 2011). They analyze the ultrasonic waveforms in the time or frequency domain searching for changes 
in other tissue parameters (different from those classically employed in ultrasonics: density or acoustic impedance) 
which are more sensitive to the pathologic state of the tissue.  
To achieve an increase in the spatial resolution as far as few microns for the arterial wall thickening evaluation, 
without excessive complexity/costs in transducers & technology, requires the generation of new specific techniques.  
Some recently developed spectral techniques for the precise measurement of changes in biological membranes 
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thickness (Ramos et al., 2012) are a possible low-cost option. These high-resolution techniques were preliminarily 
explored to make internal measurements related to some human diseases; they involve an unique ultrasonic channel 
and a single-element transducer. This option has proved to be an effective way to obtain hidden data in noisy echoes 
related to tissue structures, providing a tool of reduced complexity to estimate small changes on some physiological 
parameters. These changes are manifested by modifying the frequency peaks of the echo waveforms due to the 
interactions of the emitted ultrasonic pulse with the reflections from laminar tissue interfaces. In particular, 
variations, in amplitude and mainly in the frequency location of the spectral peaks, could be caused by variations in 
the state of the artery walls due to diseases like atherosclerosis or atheroma plaque formation. 
3. Two options for analyzing arterial walls. Some time and frequency based results. 
The typical echoes coming from wall type structures have a rather complex shape due to distinct reflectors 
producing/returning echo-signals. In Figure 1, two examples of ultrasonic echoes, obtained from tissue phantoms 
with two interfaces, are shown. These waveform patterns can be analyzed with time-defined methods (directly, or 
using some temporal operator like the cross-correlation), or well by means of spectral methods. 
The improved spectral estimation options, used in our study, are alternative solutions to those based on time 
cross-correlation or simple spectral operators. A simple non-parametric spectral estimation is that based on the 
Periodogram. Our spectral estimation methods are of parametric type and are based on the Yule-Walker or the Burg 
algorithms. The advantages of the parametric methods for PSD estimation are related to their high-resolution in the 
frequency domain and they have small influences of windowing origin. 
 
 
(a) 
 
 
 (b) 
 
Figure 1. Examples of typical echo-signals, acquired with 10 MHz broadband ultrasonic probes, from tissue phantoms: a) from a femoral artery 
wall. b) from a phantom made of latex. 
By means of a simple time-analysis of echoes, a spatial pattern of the wall dynamics in artery phantoms can be 
obtained, as it is depicted in Figure 2, where the wall displacements, related to successive changes of pressure inside 
the phantom, are shown. The wall general movement, caused by the induced pressure cycles, can clearly be 
appreciated in this first time approach. However, due to the low spatial resolution of this analysis, it is difficult to 
appreciate the subsequent changes produced in the wall thickness, being this type of wall information relevant for 
the diagnosis of several diseases. It must be noted that, on the other hand, the spectral results (e.g. the overtones 
shifting) may reflect these changes of the arterial wall thickness with good resolution. 
In fact, the application of our spectral procedures can detect very-small thickness changes with good resolution. 
They provide better resolution than the classical time-correlation methods, and also a better measure discrimination 
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that the basic (non-parametric) spectral methods based on FFT or Periodogram (Ramos et al., 2012). 
 
3.1 Spatial and spectral results obtained from wall echo-signals. 
 
By means of a simple time analysis of the ultrasonic echoes, a spatial pattern of the wall dynamics was obtained 
in our artery phantom, as it is depicted in the Figure 2. 
 
 
Figure 2. Time-spatial pattern. Zoom of 35 echoes from a wall of latex phantom, in dynamic regime. 
 
 
Figure 3. PSD estimation curves, calculated with a parametric Yule-Walker based method for 2 two distinct inflation levels in an arterial 
phantom. 
 
Figure 3 shows the PSD of experimental echo waveforms, acquired by a 10 MHz transducer at the maximum and 
minimum pressure levels in an arterial phantom, using the Yule-Walker algorithm. 
Results of this spectral approach, for multi-pulse echo-signals taken from a laminar opaque phantom, have 
shown resolutions better than ± 1 μm, clearly improving those achieved by means of the classical cross-correlation.  
The overtone dynamics provided by the Yule-Walker / Burg options of the estimation procedure proposed for us 
to make an autoregressive spectral analysis, must be further studied in detail, to determine the better responses. 
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4. Conclusions 
An improved parametric spectral procedure applied in laboratory, to estimate shifts in PSD of ultrasonic echoes 
from an arterial phantom with a 10-MHz transducer, shows promising responses for a non-invasive measurement of 
small thicknesses alterations in the walls of arterial phantoms. Good spatial resolutions can be potentially attained: 
of an order of micron, which are clearly better than those attained in walls with non-parametric spectral techniques 
or using conventional time cross-correlation. The reason is that our parametric spectral procedure presents frequency 
lobes narrower than other spectral options, in the overtones of the resonant echoes returning from an arterial wall. 
For instance, by using the 10th overtone of the resonant wall echo, a reasonable frequency definition of 19.5 kHz 
is obtained, which represents a excellent spatial resolution of (± 0.9 μm), clearly improving the spatial performance 
of the methods based on the periodogram or on cross-correlation operators, which provide resolutions around 20-30 
μm, ±11 μm in the best scenario of signal to noise ratio (Bazán et al., 2014). 
New experimental efforts and additional analyses with complex ultrasonic echoes, acquired from well-controlled 
sanguineous tissues patterns, are still needed, to select the best spectral algorithm for distinct cases and optimize the 
potential resolution of this recent approach. In addition, possible clinical limitations must be evaluated. 
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